This study outlines a framework for examining potential impacts of future climate change in Poyang Lake water levels using linked models. The catchment hydrological model (WATLAC) was used to simulate river runoffs from a baseline period (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005) and near-future (2020-2035) climate scenarios based on eight global climate models (GCMs). Outputs from the hydrological model combined with the Yangtze River's effects were fed into a lake water-level model, developing in the back-propagation neural network. Model projections indicate that spring-summer water levels of Poyang Lake are expected to increase by 5-25%, and autumn-winter water levels are likely to be lower and decrease by 5-30%, relative to the baseline period. This amounts to higher lake water levels by as much as 2 m in flood seasons and lower water levels in dry seasons in the range of 0.1-1.3 m, indicating that the lake may be wet-get-wetter and dry-get-drier. The probability of occurrence for both the extreme high and low water levels may exhibit obviously increasing trends by up to 5% more than at present, indicating an increased risk in the severity of lake floods and droughts.
INTRODUCTION
Around the world, lakes provide a valuable water resource for irrigation, fishing and recreation, drinking water, aquatic ecosystems, transportation and commerce, and hydropower (Zedler & Kercher ) . The availability and quality of lake water resources are closely linked to variations in climate (Schindler ; Shrestha et al. ; Plisnier et al. ) . Lake water-level changes are a particularly robust signal of changes in catchment water balances, which are otherwise challenging to quantify given the multitude of water sources and their variability in time and space (Soja et al. ) . In this way, lakes may be considered as sentinels for regional water cycles by exhibiting signals that integrate climate and landscape stresses and that reflect significant changes in these (Williamson et al. ; Adams & Sada ) . Climate change affects lakes both through the direct influence of atmosphere drivers, e.g., temperature, precipitation, and wind speed, and indirectly through changes to catchment hydrology (Taner et al. ; Li et al. ) . Climate change impacts on lakes are likely to increase in the future (Yu & Shen ; Taner et al. ; Byun & Hamlet ) . Consequently, the potential impacts of climate change on lake hydrology are of paramount importance for the management of these systems to support interdependent human and ecosystem communities.
Poyang Lake is the largest freshwater lake in China and the lake is subject to large annual variations in storage levels due to strong seasonality in catchment inflows and lake out- ). Poyang Lake is a region of increasing frequency of floods and droughts due to the combined effects of changes in climate stresses and human activities (Zhang et al. a, ) , both in its drainage catchment and in the upstream Yangtze River, especially in the 1990s and 2000s (Shankman et al. ) . The largest flood ever recorded was during 1998, when for several consecutive weeks, the lake and river stages exceeded historic highs (Shankman et al. ) . This resulted in extensive agriculture losses, damage to several cities and many villages, and massive population relocation. All of these floods occurred during or immediately following extreme climatic events in the form of prolonged rainfall across central China (Shankman et al. ) . In more recent years, Poyang Lake has suffered from sequences of dry years, and water levels are at record lows (Zhang et al.  likely to be more frequent and intensive in the Poyang Lake regions. It is therefore concluded that changes in the hydrology of the region, and the subsequent societal, economic and environmental impacts, have attracted considerable research attention. There are still, however, information gaps. First, a review of these previous studies reveals that most of them mainly focused on river discharge projections within the catchment. Second, a simple regression model was constructed and used to represent the average lake water level (e.g., Ye et al. ) . This approach was not sufficient to simulate the dynamic changes in the lake water levels (Li et al. ) . The key innovation of this study was the insight into a complex lake-catchment system and the motivation for filling the existing information gaps in understanding the potential impacts of future climate change on the water levels and associated floods and droughts of Poyang Lake.
Although process-based models have become popular tools for investigating complex interactions between climate drivers and hydrological systems, assessing lake water-level response to multiple stressors is still a difficult task (Li et al. ) . Given the hydrological and ecological importance of Poyang Lake, the objective of this study is to assess potential impacts of climate changes on water-level regimes of the lake and associated floods and droughts, Poyang Lake is the largest freshwater lake in China and has an internationally recognized wetland system (Feng et al. ) . It receives inflows predominantly from five major rivers (i.e., the Ganjiang, Fuhe, Xinjiang, Raohe, and Xiushui Rivers) within its drainage catchment ( Figure 1 
MATERIALS AND METHODS

Data availability
Observed daily precipitation and temperature were obtained 
Integrated modeling framework
The current study adopts climate predictions from GCMs as an input to a hydrological model (WATLAC) of the Poyang Lake catchment to produce catchment discharge estimates.
The WATLAC model and the output from GCMs are used as inputs into a statistical lake water-level prediction model (BPNN) ( Figure 2 ). The downscaled time series precipitation and temperature from GCMs were used as input to a grid-based lake catchment hydrological modeling system. The hydrological model was used to simulate rainfall-runoff processes, which produces river discharges to the lake. It is almost impossible to use the flows of the Yangtze River to estimate climate impacts on the lake water levels due to the outputs of GCMs. Therefore, the resulting catchment river discharges in combination with the Yangtze River climate drivers (precipitation and temperature) are then linked to a BPNN lake model to estimate the lake water level in response to climate variability. In this study, scenarios were constructed from eight well-known climate models (Table 1) have been selected to represent different future climates considering variations to key global climate features. The downscaled approach used in this work was a simple interpolation method based on 13 national meteorological stations within the Poyang Lake catchment (Figure 1 ).
Bias correction
It is to be noted that monthly precipitation and temperature outputs of GCMs typically have some systematic biases, which is partly due to the fact that the climate models are 
Model evaluation criteria
The performances of both catchment and lake models were evaluated by comparing simulation results to field observations (i.e., river discharge and lake water levels during [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] 
RESULTS
Model calibration and validation
The optimized values of parameters for both WATLAC and BPNN models are presented in Table 2 . WATLAC calibration was based on the procedure of PEST software 
Lake water-level changes
Changes in the river inflows in the catchment of Poyang Lake are inextricably linked to the dynamic changes of lake water levels ( Figure 6 ). On average, hydrological projections show that climate change causes distinctly decreasing river discharge in the catchment in dry seasons (i.e., up to Momentum coefficient 0.5 0-1.0 0.9 n (À) Hidden nodes 7 1-30 10 À26% in November), but increasing trend in flood seasons (i.e., up to 29% in June) ( Figure 6 ). It is necessary to quantitatively identify the seasonal changes of lake water levels between each climate scenario and the baseline (Figure 7(a)-7(c) ). Predicted lake water levels for the current (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and future climate scenarios (2020-2035) were averaged for each month. For all the three emission scenarios (RCP2.6, RCP4.5, and RCP8.5), the result tends to show a noticeable reduction in monthly lake water levels, particularly in autumn and winter months (i.e., from September to February; Figure 7(a)-7(c) ). Accordingly, the percentage change of lake water levels varies from À5%
to À30%, except for GISS which exhibits <15% increases in lake water level ( Figure 6(d) -6(f)). The distinct increases in lake water level are observed from 5% to 25% in spring and summer months (i.e., from March to August), especially for the RCP2.6 scenario (except BCC which exhibits <10% decreases in lake level; Figure 6(d)-(f) ). Although the results show substantial differences between different GCMs, as expected, all model simulations estimate a consistent pattern in seasonal lake-level distributions as compared with the baseline condition (Figure 7(a)-7(c) ). It also can be found that the future BNU projections exhibit sharp rise and a very significant time shift occurring in the peak water levels for late spring and summer months (see red lines in Figure 7 changes on the water-level regimes of Poyang Lake tend to prolong the duration of flooding water levels and enhance the hydrological deficits leading to lower water levels than at present (Figure 7(a)-7(c) ).
The normalized probability distribution functions (PDFs) of the RCP2.6, RCP4.5, and RCP8.5 are calculated in relation to the 1986-2005 baseline as shown in Figure 8 .
It is evident that the probability of occurrence for both the high (>16 m) and low (<9 m) lake water levels exhibits an increasing trend (i.e., up to 5%), but the probability of occurrence for other different water levels (∼12-17 m) by the eight models tends to decrease (i.e., up to 6%) ( Figure 8 (a)-8(c)) relative to the baseline scenario. Overall, these predicted changes indicate that future climate changes are more likely to affect the lake water levels both on temporal distribution and magnitudes, despite a similar seasonal pattern.
Climate change impacts on lake floods and droughts
In order to further evaluate the impacts of future climate changes on Poyang Lake floods and droughts, it is necessary to clearly quantify the changes of the high (Q10) and low (Q90) lake water level (Figure 9 ). Except for the BCC and MRI models, all other GCM simulations tend to suggest that the increases in the severity of future flood events are due to large relative changes (e.g., up to 2.0 m for BNU under RCP8.5; Figure 9 (a)). However, the FGOALS, GISS, and MIROC produce some negative changes. Figure 9(b) shows that the future lake water level will be considerably lower at dry seasons due to all the GCM projections with the noticeable reduction in lake levels in the magnitudes of 0.1-1.3 m (except GISS which exhibits <0.6 m increases in lake level), indicating that the droughts of Poyang Lake are more likely to intensify in the future. to intensify (except the GISS model; Figure 10(b) ). These predicted changes for the period 2020-2035 fully indicated that there may be significant risk in the severity of floods and droughts in Poyang Lake, leading to higher and lower water levels than present seasons. Although the results of this study represent successfully the temporal behaviors of the future lake levels, it is important to keep in mind that the current integrated model projection necessitated some simplifications. Several atmospheric variables including solar radiation, wind speed, and While a majority of the model runs were used for the prediction of lake water levels, these results contained a high degree of uncertainty in the projection of future lake levels, but it seems reasonable to rely on simulated trends assuming that model error predictions are similar among different scenario simulations. The major sources of uncertainty are the path of future emissions and differences between GCMs used in this study. However, there is no universally accepted methodology for evaluating the relative quality of GCMs with regard to their ability in projecting the future climate (Bader et al. ) .
DISCUSSION
In order to utilize the integrated model framework for regulatory or planning purposes, potential improvements could include: (1) the development of downscaled climate change scenarios incorporating additional atmospheric drivers (e.g., dew point temperature) for catchment hydrological model input and (2) improvement in the temporal span of the integrated simulation, providing longterm modeling results. Further improvements in the study could include a sensitivity analysis implemented in both the hydrological and lake models for the key drivers, using synthetic scenarios through changing the drivers by arbitrary amounts within realistic ranges. Linking models through an input-output approach (i.e., loose coupling), as done in this study, inherently neglects certain feedback loops that might have significant impacts on long-term lake system behavior (Li et al. ) .
CONCLUSIONS
Changes in lake water levels play a key role in affecting the quantity and quality of the Poyang Lake water resources and the natural ecological environment. The linking of GCMs, WATLAC, and BPNN shows promise as a modeling tool for projecting combined impacts of climate changes on water levels of Poyang Lake. Catchment hydrological projections reveal that climate change leads to distinctly decreasing river discharge in dry seasons and increasing trend in flood seasons, varying between À26% and 29%.
In general, the lake simulation results show a consistent pattern in seasonal water-level dynamics as compared with the baseline condition (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . The future water levels tend to increase in spring and summer within the range of 5-25%, while a noticeable reduction in lake water levels in autumn and early winter with magnitudes ranging from À5% to À30%. Overall, the GCM simulations suggest increases in the severity of future floods due to large relative changes by up to 2.0 m, while the future lake water level will be considerably lower at dry seasons due to all the GCM projections with the noticeable reduction in lake levels in the magnitudes of 0.1-1.3 m, relative to the maximum-and minimum-recorded water levels from 1986 to 2005. The probability of occurrence of both the high and low water levels exhibits an increasing trend by up to 5%, indicating a significant risk in the severity of floods and droughts in Poyang Lake. All of these changes are likely to have a considerable impact on the region's character, its cities, economy, and climate-sensitive sectors of its hydrology and ecosystem. For this reason, the climate change scenarios combined with the linked modeling approach used here may be applied to other similar hydrological systems to assess their potential response to climate change and other external forcings.
